Uric acid (UA) possesses free-radical-scavenging properties, and systemic administration is known to increase serum antioxidant capacity. However, it is not known whether this protects against oxidative stress. The effects of raising UA concentration were studied during acute aerobic physical exercise in healthy subjects, as a model of oxidative stress characterized by increased circulating 8-iso-prostaglandin F 2α (8-iso-PGF 2α ) concentrations. Twenty healthy subjects were recruited to a randomized double-blind placebo-controlled crossover study, and underwent systemic administration of 0.5 g of UA in 250 ml of 0.1 % lithium carbonate/4 % dextrose vehicle or vehicle alone as control. Subjects performed high-intensity aerobic exercise for 20 min to induce oxidative stress. Plasma 8-iso-PGF 2α concentrations were determined at baseline, after exercise and after recovery for 20 min. A single bout of high-intensity exercise caused a significant increase in plasma 8-iso-PGF 2α concentrations from 35.0 + − 4.7 pg/ml to 45.6 + − 6.7 pg/ml (P < 0.01). UA administration raised serum urate concentration from 293 + − 16 to 487 + − 16 µmol/l (P < 0.001), accompanied by increased serum antioxidant capacity from 1786 + − 39 to 1899 + − 45 µmol/l (P < 0.01). UA administration abolished the exercise-induced elevation of plasma 8-iso-PGF 2α concentrations. High UA concentrations are associated with increased serum antioxidant capacity and reduced oxidative stress during acute physical exercise in healthy subjects. These findings indicate that the antioxidant properties of UA are of biological importance in vivo.
INTRODUCTION
Oxidative stress is characterized by excess free radical activity and is believed to play an important role in the development of atherosclerosis [1] . This has stimulated interest in the possibility that antioxidants could offer protective effects within the cardiovascular system. Until recently, the lack of an adequate biological marker of oxidative stress in vivo has limited studies of the efficacy of antioxidant supplementation. A number of oxidative reaction products have been explored, including lipid hydroperoxides, malonyl dialdehyde and prostaglandin F 2 -like substances, so called F 2 -isoprostanes. F 2 -isoprostanes are a family of compounds formed by nonenzymic oxidative modification of arachadonic acid, and result from free radical attack of phospholipids in cell membranes or circulating low-density lipoproteins [2] . They are formed in situ in the cell membrane, from which they are cleaved by phospholipase, and circulate in a free form or as a phospholipid-bound ester in a bound/ free ratio of approx. 1:2 [3] . Of the F 2 -isoprostanes, 8-isoprostaglandin F 2α ; also known as iPF 2α -III) has been shown to be capable of exerting a number of biological effects, such as smooth muscle contraction, vasoconstriction and increased platelet aggregability [4, 5] . However, the relevance of these effects remains uncertain, because they are caused by significantly higher 8-iso-PGF 2α concentrations than typically found in human plasma. Concentrations of 8-iso-PGF 2α are stable in isolated body fluids and quantification in plasma or urine provides a marker of free radical generation in vivo. Its concentrations in biological fluids are increased in the presence of major cardiovascular risk factors characterized by oxidative stress, for example hypercholesterolaemia [6] , cigarette smoking [7] and diabetes mellitus [8] . Elevated 8-iso-PGF 2α concentrations in these conditions support the hypothesis that oxidative modification is an important early step in the development of atherosclerosis. Circulating 8-iso-PGF 2α concentrations provide a non-invasive quantitative measure of lipid peroxidation and represent a major advance in assessment of vascular oxidative stress in vivo.
Moderately intense physical exercise increases oxygen utilization and causes excess oxygen-derived free radical liberation through mitochondrial lipid peroxidation, neutrophil degranulation and up-regulation of xanthine oxidase activity, which liberates superoxide (O • 2 ) [9] . Intense physical exercise provides a model for studying the effects of acute oxidative stress in vivo and has been shown to increase susceptibility of low-density lipoprotein to oxidation and impair endothelial-dependent vasodilatation in the forearm vascular bed [10, 11] . Oxidative stress during acute exercise is characterized by elevated circulating 8-iso-PGF 2α concentrations, which has provided an opportunity to examine the effects of antioxidant administration on free radical activity in vivo [9] . Supplementation with vitamin C or E increases resistance to exercise-induced lipid peroxidation in healthy individuals [12] . However, β-carotene does not reduce oxidative stress during acute physical exercise [13] , and combined administration of vitamin C and N-acetyl-cysteine paradoxically increase 8-iso-PGF 2α concentrations after acute eccentric exercise, despite increased serum antioxidant capacity [14] . Glutathione and ubiquinol supplementation reduce oxidative stress in animal models of acute exercise [15] , but their effects have not been fully characterized in humans.
Uric acid (UA) is an abundant aqueous antioxidant that accounts for almost two thirds of all free-radicalscavenging activity in human serum [16] . UA reacts with oxygen-derived free radicals and becomes oxidized in skeletal muscle during high-intensity exercise [17] . Intracellular UA concentrations are rapidly replenished by uptake from plasma after exercise [18] . A previous study [19] found a significant inverse relationship between serum UA concentrations and oxidative stress during acute aerobic exercise. These observations suggest that high UA concentrations could confer protection against free radical activity in vivo and indicate that UA may be of biological importance in the setting of acute oxidative stress. The feasibility of systemic UA administration, to increase serum antioxidant capacity, has recently been established in a research setting [20] . The present study aimed to characterize the effects of elevated serum UA concentrations on oxidative stress induced by acute physical exercise, reflected by plasma 8-iso-PGF 2α concentrations.
METHODS

Subjects
Twenty healthy men and women were recruited from a community database of healthy subjects held at the Clinical Research Centre of the University of Edinburgh. The protocol was reviewed and approved by the Local Research Ethics Committee, and written informed consent was obtained from each participant. Inclusion criteria were men or women aged 18-45 years. Exclusion criteria were elevated blood pressure (BP; > 160/ 100 mmHg), clinical history of joint, kidney or cardiovascular disease, those taking any regular medication or non-prescription medication in the past week, serum creatinine > 110 mmol/l, or serum UA > 400 mmol/l.
Drugs and reagents
UA and lithium carbonate (Ultrapure preparations; Sigma, Poole, Dorset, U.K.) were reconstituted in sterile dextrose solution (Baxter Healthcare, Thetford, Norfolk, U.K.), filtered (0.22 mm Millex filter; Millipore, Molsheim, France), and prepared on the day of administration. UA (0.5 g) was dissolved in 250 ml of 0.1 % lithium carbonate/4 % dextrose vehicle. This vehicle was chosen because it allows stable dissolution of UA [21] and does not influence serum antioxidant capacity [20] .
Protocol
Subjects were enrolled in a randomized two-way doubleblind placebo-controlled crossover study. Investigations were performed in a quiet room maintained at [24] [25] [26] • C. An 18-standard gauge venous cannula was inserted into a suitable vein in each antecubital fossa, under local anaesthetic using aseptic technique. Subjects remained seated for 20 min to establish baseline haemodynamic conditions, and underwent systemic administration of 0.5 g of UA in 250 ml of vehicle or 250 ml of vehicle alone over 20 min via the non-dominant forearm cannula. Subjects performed lower limb exercise using an upright electronically braked ergometric cycle machine (Ergometry System 380B; Siemens-Elema, Solna, Sweden). Pedalling rate was sustained at 70 + − 10 Hz to maintain a constant workload of 80 W, equivalent to a modestly intense riding speed of 3.8 m · s −1 (8.5 miles/h) [22] . Exercise was sustained for 20 min, followed by a 20 min recovery period during which subjects rested while seated. Study visits were performed 1 week apart at the same time of day on each visit.
A venous blood sample (5 ml) was collected in serum gel tubes (Sarstedt, Leicester, U.K.), via the non-infused forearm cannula, for measurement of serum UA and total serum antioxidant capacity at baseline and 20, 40 and 60 min after the start of the infusion. Additional 5 ml samples were collected in potassium/EDTA tubes (Sarstedt) for determination of plasma 8-iso-PGF 2α concentrations at baseline and 60 min after the start of infusion. Blood samples were centrifuged at 1000 g for 10 min at 4
• C, decanted immediately, and serum and plasma were stored at − 40
• C until assays were performed.
Haemodynamic variables were determined at baseline and at 5 min intervals up to 60 min after the start of the infusion. BP was recorded in the dominant arm using a validated oscillometric device (HEM-705CP; Omron, Tokyo, Japan) [23] , and the cardiac index (CI) was assessed using transthoracic bioimpedance (NCCOM3-R7; BoMed, Irvine, CA, U.S.A.) [24] . Systemic vascular resistance index was calculated as mean arterial pressure divided by CI. 
Serum UA concentration
Serum antioxidant capacity
Antioxidant capacity was measured using the Total Antioxidant Status assay (Randox Laboratories; Crumlin, County Antrim, U.K.). This assay is based on the interaction between a chromogen [2,2 -azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)] and ferrylmyoglobin, a free radical formed by the reaction of metmyoglobin and H 2 O 2 , which forms the cation ABTS
•+ , a blue/green chromophore with maximal absorbance at 417, 645, 734 and 815 nm [25] . Antioxidants in added serum scavenge ABTS
•+ and prevent absorbance to a degree related to the overall serum antioxidant capacity. Absorbance was determined at 600 nm using a Cobas Fara (Roche Diagnostics, Lewes, East Sussex, U.K.), calibrated using 6-hydroxy-2,5,8-tetramethylchroman-2-carboxylic acid (Trolox, a water soluble tocopherol analogue) and expressed as µmol/l of Trolox equivalent. The Total Antioxidant Status assay gives a global measurement of ex vivo serum free-radicalscavenging capacity and takes account of summation and interaction between constituent antioxidants [25] . The standard reference range for this assay was 1494-2107 µmol/l and the intra-assay precision was 6.5 %.
Plasma 8-iso-PGF 2a concentrations
Solid-phase extraction was performed using an Isosolute C18(EC) 100 mg/3 ml silica-sorbent column (International Sorbent Technology, Hengoed, Mid Glamorgan, The standard reference range was 4.6-65.9 pg/ml and the intra-assay precision was 6.0 %.
Data analysis and statistics
Responses were compared using two-way ANOVA and paired Student's t tests where appropriate, and statistical significance was accepted at the 5 % level in all cases.
RESULTS
Baseline characteristics of study subjects are shown in Table 1 . As expected, UA administration caused serum concentrations to increase by 194 + − 8 µmol/l (P < 0.001) from baseline ( Table 2) . Administration of vehicle alone did not significantly change circulating UA concentrations from baseline (− 9 + − 2 µmol/l). There was a corresponding increase in antioxidant capacity from baseline of 118 + − 18 µmol/l (P < 0.001) following UA Plasma 8-iso-PGF 2α concentrations in the study population were 41.8 + − 3.0 pg/ml at baseline. Intense physical exercise caused a significant increase in plasma 8-iso-PGF 2α concentrations from 35.0 + − 4.7 pg/ml to 45.6 + − 6.7 pg/ml immediately after exercise (P < 0.05), and 55.7 + − 7.1 pg/ml after recovery (P < 0.01) following vehicle administration (Figure 1) . However, after systemic administration of UA, there was no significant increase from baseline plasma 8-iso-PGF 2α concentrations (37.1 + − 5.4 pg/ml) after exercise (31.6 + − 5.5 pg/ml) or after recovery (37.9 + − 6.6 pg/ml). Plasma 8-iso-PGF 2α concentrations after vehicle and UA administration, expressed as a change from baseline, were + 10.6 + − 5.5 and − 5.5 + − 6.2 pg/ml (P < 0.05) respectively, after exercise, and + 20.7 + − 6.5 and + 0.8 + − 7.7 pg/ml (P < 0.01) respectively, after recovery. Two-way ANOVA showed a significant effect of UA administration on isoprostane concentrations (P = 0.02) and changes in isoprostane concentrations from baseline (P < 0.01) during exercise and recovery.
Administration of neither vehicle nor UA caused any significant changes in resting haemodynamic variables from baseline (Table 2) . Intense physical exercise caused significant increases in heart rate (P < 0.001), systolic BP (P < 0.001), diastolic BP (P < 0.001) and CI (P < 0.005), and a reduction in systemic vascular resistance index (P < 0.005), whereas administration of UA did not influence the haemodynamic responses. No adverse events were reported in any of the subjects. 
DISCUSSION
In the present study, the baseline characteristics were consistent with those of a young healthy population free from major cardiovascular risk factors that could potentially exert independent effects on antioxidant capacity and oxidative stress. The chosen exercise intensity and duration caused a significant haemodynamic response in this group, who were unaccustomed to regular strenuous exercise. Resting plasma free 8-iso-PGF 2α concentrations were consistent with those reported previously [26] in healthy subjects. The single bout of acute intense exercise caused oxidative stress in the study population, reflected by increased plasma 8-iso-PGF 2α concentrations immediately after exercise and recovery. The magnitude of the rise in plasma isoprostane concentrations was similar to previous observations in healthy subjects and trained athletes after acute exercise [27] .
Vehicle administration had no significant effect on circulating UA concentrations or serum antioxidant capacity, as found previously [20] . Administration of UA (0.5 g) achieved a substantial increase in circulating UA concentrations to levels characteristic of the upper limit of the normal reference range (120-420 µmol/l). Raised UA concentrations were associated with increased serum free-radical-scavenging capacity, as indicated by a global antioxidant measurement. Prior administration of UA attenuated the exercise-induced increase in plasma 8-iso-PGF 2α concentrations. It is likely that this effect was mediated by the increased ability to counter excess free radical activity, conferred by the antioxidant properties of UA. These findings indicate that high circulating UA concentrations are able to prevent oxidative stress in vivo during intense physical exercise and raise the possibility that UA could protect against oxidative stress in other situations. Interestingly, a number of earlier observations suggest that local UA concentrations may be regulated, at least in part, by prevailing redox conditions. For example, oral administration of l-arginine has been found to cause a reduction in systemic oxidative stress, which is accompanied by a fall in circulating UA concentrations [28] . Furthermore, acute ischaemia in several vascular beds, for example the coronary circulation, is associated with oxidative stress and causes an increase in circulating UA concentrations locally [29, 30] . Raised UA concentrations could, therefore, provide a physiological mechanism to protect against excess free radical activity.
The lack of effect of vehicle or UA administration on resting BP and systemic vascular resistance indicate that high UA concentrations, at least in the acute setting, do not directly influence vascular tone.
Cardiovascular risk and the development of atherosclerosis are likely to be influenced by exposure to chronic oxidative stress. A limitation of the present study is that only short-term measures of antioxidant capacity and oxidative stress were examined. However, this appears to be a valid approach because there is good correlation between short-term and long-term effects of a variety of cardiovascular risk factors on oxidative stress, for example cigarette smoking [31] and hyperglycaemia [32] . A further potential limitation is that the validity of the Omron HEM-705CP device has not been established in exercising subjects. It is accurate for measuring BP up to 160/100 mmHg in resting subjects and has been validated according to criteria of the British Hypertension Society and Association for the Advancement of Medical Instrumentation [23] .
In conclusion, the present study has shown that UA administration temporarily raises circulating UA concentrations, which increases serum antioxidant capacity and reduces exercise-induced oxidative stress in a young healthy population. These findings indicate that the antioxidant properties of UA are of physiological consequence and support the view that UA confers potentially important free-radical-scavenging effects in vivo. The implications of raised serum UA concentrations, in the setting of chronic oxidative stress, require further evaluation. Additional research is required to investigate the potential role of high UA concentrations in patients exposed to major cardiovascular risk factors.
